Background: Three-dimensional (3D) echocardiography with multiplanar reconstruction (MPR) is used clinically to quantify the mitral annulus. MPR images are, however, presented on a two-dimensional screen, calling into question their accuracy. An alternative to MPR is an autostereoscopic holographic display that enables indepth visualization of 3D echocardiographic data without the need for special glasses. The aim of this study was to validate an autostereoscopic display using sonomicrometry as a gold standard.
Accurate assessment of mitral valve disease is pertinent when planning valve repair and increasingly important with the introduction of novel treatment strategies. [1] [2] [3] [4] Imaging modalities such as twodimensional (2D) and three-dimensional (3D) echocardiography have important limitations in describing and quantifying the timeresolved 3D nature of the mitral valve apparatus. Clinical data from patients and normal volunteers on mitral annular measurements have been acquired using 2D and 3D echocardiography [5] [6] [7] [8] and magnetic resonance imaging. 9, 10 Inconsistent data in the literature raise the question of how these mitral annular parameters are assessed. To ensure more reliable measurements, validation studies are needed, particularly when several commercial software packages allow the quantification of different mitral annular parameters on the basis of echocardiographic data.
Limitations of 2D and 3D echocardiography are due to the 3D nature of the mitral valve annular anatomy and its motion during the cardiac cycle displayed on a 2D screen. Depth ambiguity makes the measurements on a 2D display inaccurate. A novel holographic autostereoscopic display has been developed that enables in-depth visualization of 3D echocardiographic data without the need for special glasses. 11 Conventional stereoscopic display for 3D imaging, however, requires special glasses to create a sensation of depth.
We have recently demonstrated the feasibility of analyzing mitral valve pathology using the autostereoscopic display. 12, 13 A 3D virtual semitransparent annular surface (VSAS) has been developed to enhance visualization of prolapsing segments and annular geometric measurements on the autostereoscopic display. The aim of the present study was to validate the 3D VSAS method in an acute anesthetized open-chest pig model using sonomicrometry as a reference method. Mitral annular dynamics were quantified over a range of loading conditions.
METHODS

Surgical Protocol
Eleven healthy pigs (Sus scrofa domesticus, Norwegian landrace) of either sex (average weight, 47.5 kg) were premedicated with an intramuscular injection of azaperone 4 mg/kg, ketamine 30 mg/kg, and atropine 0.2 mg/kg. The anesthesia was maintained with intravenous (IV) infusions of pentobarbital 4 mg/kg/h, morphine 2 mg/kg/h, and midazolam 0.15 mg/kg/h. A prophylactic bolus of amiodarone (300 mg IV) and 20 mmol of magnesium sulfate were administered to reduce arrhythmia, and a combination of 500 mg methyl prednisolone (IV bolus) and infusion of indomethacin (2 mg/kg) were given to prevent pulmonary arterial hypertension. The animals were mechanically ventilated through a tracheostomy with a mixture of oxygen and air. Catheters were introduced into the carotid artery and the external jugular vein and electrocardiogram were monitored.
After heparinization (2 mg/kg IV; activated clotting time > 400 sec), median sternotomy, and pericardial split, cardiopulmonary bypass cannulation was prepared with an aortic cannula and double cava venous cannula. Cold antegrade cardioplegic arrest was done with B 2 ) Orientation of the crystals after 3D processing from two different long-axis views. Each crystal is labeled and corresponds to the numbering in the schematic figure. (C) The triangle of crystals 10, 11, and 12 was located outside the heart, and these crystals served as reference points. (D) Schematic 3D representation of the mitral annular surface and its measurements obtained by sonomicrometry. A1-A3, Anterior leaflet with corresponding leaflet segments; ALC, anterolateral commissure; Ao, aorta; P1-P3, posterior leaflet with corresponding scallops; PMC, posteromedial commissure.
an infusion of 1 L St. Thomas crystalloid solution. The mitral valve was exposed through a left atrial incision. Average cardiopulmonary bypass and aortic cross-clamp times were 82 6 14 and 53 6 7 min, respectively. The National Animal Experimentation Board and the University of Oslo approved the study.
Pressure Measurements
A 5-Fr micromanometer-tipped catheter (model MPC-500; Millar Instruments, Houston, TX) was positioned in the left ventricle through the carotid artery or through an incision in the left ventricular (LV) apex, and a 5-Fr micromanometer and a fluid-filled catheter were placed in the left atrium. The pressures were zero-referenced against the fluid-filled left atrial catheter.
Sonomicrometry
Sonomicrometric crystals (n = 8 in eight animals, n = 6 in two animals, and n = 4 in one animal) were implanted along the mitral annulus in close proximity to each commissure, and the remaining crystals were equally spaced along the anterior and posterior annulus, respectively, as shown in Figure 1 . In two of the animals, two crystals were implanted along the anterior and posterior annulus, respectively. In all animals, one crystal was implanted at the LV apex. Three separate crystals, arranged in a fixed triangle, were located on the posterior pericardium and served as reference points relative to the cardiac crystals (Figure 1 ). The sonomicrometry crystals were connected to an external ultrasound transceiver unit and acquisition system (SonoLab; Sonometrics, London, ON, Canada).
Mitral annular commissure width (CW) was calculated as the distance between the two commissural crystals (crystals 2 and 3) in mid-systole (mid time frame between the R wave on the electrocardiogram and end-systole, defined as 20 msec before peak negative dP/dt of the LV pressure curve) and late diastole, corresponding to the P wave on the electrocardiogram immediately before atrial contraction. Septal-lateral (SL) distance was calculated as the distance between the anterior and posterior horn (crystals 4 and 5). To compute annular height (h), the distance between the two maximally displaced crystals from the one in the apex (crystal 1) was used as the mitral height. Moreover, the annular height-to-commissure width ratio (AHCWR) was calculated ( Figure 1) .
A 3D scaling technique (CardioSoft and SonoXYZ; Sonometrics) was used to obtain a 3D view of the mitral annulus during a complete cardiac cycle. End-diastole and end-systole were determined on the 
HIGHLIGHTS
Quantification of the 3D mitral annulus is challenging. Inconsistent data on mitral annulus is questioning how measures are quantified. The display enables visualization of 3D echocardiographic data without glasses. Mitral annular measurements from the display correlated well with sonomicrometry.
Better agreement with sonomicrometry was demonstrated with the display than with MPR.
3D view according to the time frame on the electrocardiogram as mentioned earlier and the non-planarity angle (NPA) was obtained by direct measurements using ImageJ (National Institutes of Health, Bethesda, MD).
The mitral valve area was calculated as follows: the coordinates of each crystal in 3D space were calculated. The center point of the mitral valve ring was found as the average position of the crystals around the mitral ring. The ring area was then segmented into triangles consisting of the three corners made up of two neighboring crystals and the center point. The mitral valve area was finally calculated as the sum of the areas of these triangles. This calculation was performed at each time frame throughout the cardiac cycle, providing the mitral valve area as a function of time ( Figure 2 ).
Echocardiographic Analysis and 3D VSAS
Three-dimensional echocardiography was performed using a Vivid E9 or E95 scanner and 4V transducer (GE Healthcare, Horten, Norway) with a minimum of four heart cycles and a mean frame rate of 34.6 6 14.7 frames/sec. Epicardial recordings were obtained in the longitudinal direction, from the distal part of the LV anterior wall, including both mitral leaflets and the annulus. A nest of gauze put gently onto the anterior wall was filled with ultrasound gel to ensure some distance between the epicardium and the transducer ( Figure 3A ). Data sets were stored and exported to a separate workstation connected to an autostereoscopic screen (Setred, Oslo, Norway) for further analysis 12, 13 ( Figures 3B  and 3C ). Measurements were obtained in mid-systole, defined as the frame halfway between end-diastole (R wave on the electrocardiogram) and closure of the aortic valve and late diastole, defined as the frame immediately after the onset of the P wave or before atrial contraction. From the holographic view, mouseclicking the shortest distance between the two commissures generated the commissure-to-commissure axis ( Figure 3D1 ). From an apical three-chamber view, we marked the hinge points of the mitral valve ( Figure 3D2 ). The 3D VSAS was generated by mouse-clicking the perimeter of the mitral annulus to generate the virtual surface. A series of small triangles (Delaunay triangulation) between the points constitute the 3D surface that was subsequently made semitransparent ( Figure 3D4 ). Quantitative geometric measurements were obtained by clicking out points and outputting the measurements to the display. The values include the Euclidean distance between two consecutive points (SL length, CW, and height), the angle subtended at the middle point of the commissural axis and the highest points of the annulus (NPA), and the area of the Delaunay triangulated annular surface ( Figures 3D5 and 3D6 ). 
Multiplanar Reconstruction
For the multiplanar reconstruction (MPR) measurements, the 3D volume was transferred to a workstation (EchoPAC version 202; GE Healthcare), and a series of cropping planes were introduced to create 2D imaging planes through the structures of the mitral annulus. Mid-systolic landmarks were manually placed on the anterior and posterior points of the mitral annulus and the coaptation point on the 2D images (Supplemental Figure 1 , available at www. onlinejase.com). The software semiautomatically tracked these landmarks, and after manual approval of the tracking, the software provided several measurements of the mitral annular geometry at midsystole: anterior-posterior diameter, CW, annular area, and NPA. The end-diastolic and end-systolic frame was based on the mitral valve closure and the frame before mitral valve opening, respectively. 
Experimental Protocol
After a baseline recording, the inferior vena cava (IVC) was constricted with a surgical snugger until LV volume dropped by approximately 50%. The snugger was then released, and the animal returned to baseline hemodynamic status. After a period of steady state, the ascending aorta was then constricted using an aortic cross-clamp after a restitution period, and recordings were obtained when LV pressure increased by approximately 50%. A baseline recording was obtained Figure 7 Correlations between mitral annular measurements determined by the 3D VSAS method and by sonomicrometry (A1) and by the MPR method and sonomicrometry (A2). Agreement between mitral annular measurements determined by the 3D VSAS method and by sonomicrometry (B1) and by the MPR method and sonomicrometry (B2). Mean differences between methods (solid line) and 62 SDs (dashed line) are indicated.
before each loading intervention. Because of interference between sonomicrometry and echocardiography, we first recorded pressure, electrocardiographic, and echocardiographic data during 5 to 10 sec and then pressure, electrocardiographic, and sonomicrometric data during the subsequent 5 to 10 sec. Data were recorded with the ventilator off.
Statistical Analysis
The results are presented as mean 6 SD. One-way analysis of variance with a post hoc Fisher exact test was used to compare variables among the three groups. Within-group differences of mid-systolic and late diastolic measurements were analyzed using Student's t test. The mitral annular values measured by sonomicrometry and Figure 7 (continued).
Journal of the American Society of Echocardiography Volume 32 Number 2 echocardiography (both 3D VSAS and MPR) were compared using regression analysis with the least-squares method and Bland-Altman plots.
14 Intraclass correlation coefficient estimates and their 95% CIs 15 were used to assess intra-and interobserver variability for measurements obtained using the 3D VSAS method. P values < .05 were considered to indicate statistical significance. All calculations were performed using SPSS version 24.0 for Windows (SPSS, Chicago, IL).
RESULTS
Hemodynamic variables at baseline and during IVC and aortic constriction are listed in Table 1 . Annular measurements by 3D VSAS correlated well with sonomicrometry: CW length (r = 0.98, P < .00001), SL length (r = 0.98, P < .00001), annular area (r = 0.93, P < .001), NPA (r = 0.87, P < .001), and AHCWR (r = 0.85, P < .01; Figure 4A ). The Bland-Altman plots in Figure 4B show the agreement between the two methods. Figure 5 summarizes mid-systolic and late diastolic mitral annular measurements and segment lengths by 3D echocardiography and sonomicrometry, respectively. Systolic shortening of annular dimensions (CW, SL length, and annular area) was observed during all interventions ( Figures 5A-5C ). Both methods showed increased saddle shape at mid-systole, expressed as AHCWR ranging from 0.14 to 0. Figure 5E ). During IVC constriction, systolic annular area by 3D VSAS and sonomicrometry was reduced by 20.4 6 11.5% and 20.5 6 9.9%, respectively (P < .01 vs baseline), and similar reductions were observed at late diastole, with annular area reductions of 21.6 6 12.5% and 22.3 6 8.1%, respectively (P < .01 vs baseline; Figure 6 ). Intra-and interobserver reproducibility for the 3D VSAS method was good to excellent, with intraclass correlation coefficients ranging from 0.73 to 0.94 and 0.80 to 0.92, respectively (Table 2) .
MPR versus 3D VSAS
In a subset of randomly selected animals (n = 5), we compared measurements by 3D VSAS (CW, SL length, annular area, and NPA) with MPR. Figure 7 shows correlation plots and Bland-Altman agreement for each method against sonomicrometry. The poorest correlation was demonstrated for CW measurements by MPR (r = 0.02), with a systematic bias of À3.15 mm, and NPA by MPR (r = 0.18), with a systematic bias of À25. 99 .
DISCUSSION
The present study demonstrates that mitral annular dynamics can be quantified noninvasively using 3D echocardiography visualized on an autostereoscopic holographic screen. The mitral annular dimensions measured by 3D VSAS were validated against sonomicrometry and showed an excellent correlation. Furthermore, over a range of loading conditions, annular dimensions measured by 3D VSAS approximated those values obtained by sonomicrometry.
Measuring Mitral Annular Dynamics
Inconsistent data on annular measurements in the literature may be related to which anatomic landmarks are assessed. [5] [6] [7] [8] [9] [10] [16] [17] [18] One example is the distance between the commissures, for which a number of approaches have been reported in the literature: intercommissural width, extended CW, commissure to commissure, maximum transverse diameter, longest diameter, and anterolateralposteromedial diameter. Therefore, estimations of annular area and AHCWR may depend on which anatomic landmarks were included in the measurements. In the present study, we measured extended CW, measuring approximately 2 mm inside the annular insertion of each commissural leaflet.
Furthermore, different definitions of the NPA most probably explain the wide range of systolic NPA values reported in healthy control subjects (ranging from 127 to 147 ). Different ''nadir points'' are chosen, including the lowest coaptation point, 6, [16] [17] [18] as was demonstrated by the fact that MPR was associated with less saddle shape or, alternatively at the level of the commissures (3D VSAS), with a higher degree of nonplanarity. Figure 8 illustrates the difference in how these measurements are obtained. The coaptation point may not necessarily be at the level of the lower annular curve and is more similar to a tenting index. Therefore, identification of the commissures should be accomplished when estimating the NPA as well as the annular height. Even with MPR with a series of cropping planes available, the commissures were hard to identify on the 2D screen. We suppose this is not vendor specific but due to inherent limitations of the MPR technique in general. Consequently, we may not measure the same structures when comparing MPR and 3D VSAS. A potential explanation may be that once the cropping planes (MPR) approach the true commissures, there is a lack of anatomic landmarks that can guide the exact position of the commissures, in contrast to SL length at the A2-P2 level, at which the hinge points are more easily identified and in the present study showed better agreement with sonomicrometry. Furthermore, the two commissures are not at the same level (distance from apex), introducing another potential error, because the 2D plane at which the measurements are obtained needs to cut through both commissures. The autostereoscopic screen method, on the other hand, enables interactive in-depth visualization of the annulus of the mitral valve, including the commissures, and provides the reader with an intuitive perception of the mitral annular anatomy. Grewal et al. 19 compared direct intraoperative annular measurements with 3D transesophageal echocardiography, but limited to only the anterior intertrigonal length. Presentation of the virtual annular surface enables us to measure NPA as the angle subtended at the middle point of the commissural diameter and the annular high points ( Figure 3D6 ). In the present study, the systolic NPA by 3D VSAS was 133 6 6 at baseline, with a mean AHCWR of 0.19 6 0.03, confirming the saddle shape of the annulus. Consistent with the literature, we show that the saddle shape of the mitral annulus, expressed as AHCWR, was most pronounced during systole. 4, 8 Consequently, NPA was less pronounced during diastole, indicating a flatter annular configuration. At baseline, the reduction of the annular area was approximately 20% during systole, in accordance with similar data from pigs. 20, 21 The percentage systolic area reduction of the mitral annulus was of the same order during both IVC and aortic constriction.
Simulations have suggested that the saddle shape of the mitral annulus reduces leaflet stress, with an exponential increase in leaflet stress at AHCWR values < 0.15. 22 Therefore, the nonplanarity index (AHCWR) is frequently calculated in experimental and clinical studies; however, values ranging from 0.15 to 0.25 are reported in healthy control subjects by echocardiography 7, 17 and magnetic resonance imaging. 9 For the same reason as outlined above regarding inconsistent NPA values in healthy control subjects, the differences might be explained by the fact that different ''nadir points'' are applied when measuring the annular height for AHCWR calculations. Before the construction of the virtual annular surface, we ensured that the commissure-to-commissure axis was included in the surface (by manually tracking), thus enabling a saddle shape of the annulus. We therefore claim to approximate the true anatomic annular surface, supported by the good correlation with sonomicrometric crystals (Figure 4) .
Clinical Implications
Accurate measurements of the mitral annulus are central to the design of novel annuloplasty rings and planning of surgical and transcatheter mitral valve interventions. The autostereoscopic holographic display validated in the present study might generate additional and more accurate information compared with current echocardiographic methods such as MPR. The 3D VSAS technique could potentially also be used to quantify the aortic and tricuspid annulus. Furthermore, the present study suggests that systolic NPA is independent of changes in pre-and afterload and may therefore serve as a marker of annular remodeling in mitral valve disease.
Study Limitations
Several important limitations must be acknowledged when interpreting our findings. Three-dimensional echocardiography is hampered by a relatively low frame rate (average, 35 frames/sec), which implies that the timing of mid-systole and late diastole is not exact. The dimensions were relatively stable in mid-systole, however, as shown in Figure 2 . To improve consistency, the diastolic measurements were calculated before atrial systole assessed by visual inspection. The good correlation confirmed that our measurements were close to those obtained by sonomicrometry. The sonomicrometric crystals could affect the annular dimensions measured with the 3D VSAS technique; therefore we measured these dimensions before the implantation of sonomicrometric crystals in eight animals at baseline and during loading conditions (n = 6). Data from these measurements are listed in Supplemental Table 1 (available at www.onlinejase.com) and show similar values between the 3D VSAS method and sonomicrometry. Because of the interference between the sonomicrometric crystals and echocardiography, measurements could not be obtained simultaneously with both methods. During steady state, in terms of hemodynamics, echocardiography was performed first, followed by sonomicrometry. Implantation of crystals in the mitral annulus may theoretically alter mitral annular motion; however, any such alterations would equally affect the measurements done with both methods. The 3D VSAS method has been validated only for a normal mitral annulus in an acute pig model. Therefore, we cannot confirm that the 3D VSAS method is valid for dilated mitral valve annulus.
CONCLUSION
Noninvasive 3D VSAS measurements of mitral annular dynamics correlate well with sonomicrometry over a range of loading conditions and may represent a new and more accurate tool for noninvasive quantification of mitral annular dynamics.
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Supplemental Figure 1 A representative illustration of MPR measurements from one animal. (A) A series of cropping planes were introduced to create 2D imaging planes through the structures of the mitral annulus. (B) Mid-systolic landmarks were manually placed at the mitral annulus and at the coaptation point on the 2D images. (C) The software semiautomatically tracked these landmarks and after manual approval of the tracking; the software provided several measurements of mitral valve geometry at mid-systole: anteriorposterior (A-P) diameter, CW, annular area, and NPA. The end-diastolic and end-systolic frames were based on mitral valve closure and the frame before mitral valve opening, respectively. PM-AL, Posteromedial-anterolateral.
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Supplemental Figure 1 (continued).
Supplemental Figure 2 Illustration of how a viewer looking through a narrow slit will see two distinct regions, one for each eye. The slit must shift laterally quickly so that the viewer sees the scanning shutter as a transparent window.
